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Abstract. The Naval Research Laboratory Coupled Ocean/Atmosphere Mesoscale Prediction
System (COAMPS®) has been extended to perform as a large-eddy simulation (LES) model. It
has been validated with a series of boundary-layer experiments spanning a range of cloud
nighttime, and includes a nighttime stratocumulus case, a trade wind cumulus layer, shallow
cumulus convection over land, and a mixed regime consisting of cumulus clouds under broken
stratocumulus. COAMPS-LES results are in good agreement with other models for all the
cases simulated. Exact numerical budgets for the vertical velocity second (w2) and third
moment (w?) have been derived for the stratocumulus and trade wind cumulus cases. For the
w3 budget in the stratocumulus, the buoyancy contribution from the updraughts and
downdraughts largely cancel each other due to their similar magnitudes but opposite signs. In
contrast, for the cumulus layer, the negative buoyancy contribution from the environmental
downdraughts is negligible and the positive contribution from the updraughts completely
dominates due to the conditional instability in the environment. As a result, w’3 is significantly
larger in the cumulus than in the stratocumulus layer.
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1. Introduction

Large-eddy simulation (LES) models have become increasingly useful as
tools for the study of the atmospheric boundary-layer with increases in
computer power. By definition, LES models have a sufficiently small grid
increment to explicitly resolve the large energy-carrying eddies in the
boundary-layer, while parameterizing the smaller ones. A review of the LES
modelling technique can be found in Mason (1994); LES of boundary-layer
clouds is not new. For example, Sommeria (1976) and Nicholls et al.
(1982) simulated shallow cumulus clouds and Deardorff (1980) simulated a
stratocumulus-topped boundary-layer several decades ago. However,
advances in computational power have rendered LES much more affordable
and ubiquitous. At the same time, these advances have also allowed tradi-
tional mesoscale models to be used for numerical weather forecasts at
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progressively smaller grid increments. In the not so distant future, it is
probable that some specialised forecasts will be performed in real time with a
horizontal grid spacing of the order of hundreds of metres, approaching what
is typically considered part of the LES regime. Therefore, there is a natural
interest in using existing mesoscale models for LES applications.

One such mesoscale model is the Naval Research Laboratory’s Coupled
Ocean/Atmosphere Mesoscale Prediction System (COAMPS®; Hodur, 1997).
We have extended its atmospheric component to perform as a LES by adding
two subgrid-scale mixing schemes: the first oneis a local equilibrium model and
the second a turbulence kinetic energy (TKE) scheme. The extended model,
referred hereafter to as COAMPS-LES, has been validated using a number of
test cases representing a range of different boundary-layer cloud regimes. They
were selected from intercomparison studies for which extensive published re-
sults exist. Glendening and Haack (2001) used a previous version of COAMPS
as a LES model, but their work was not implemented in the latest parallel
version of the code and was not tested for cloudy boundary layers.

From our simulations of boundary-layer clouds, we have derived exact
numerical budgets (within machine precision) of the second (w?) and third
moment (w?) of the vertical velocity w. Second-moment budgets have been
studied fairly extensively (e.g. Moeng, 1986; Cuijperset al., 1996; de Roode and
Bretherton, 2003). Closely related to the w2 budget is the TKE budget, which
has received considerable attention. For example, Grant and Lock (2004)
analysed the TKE budgets of a series of LESs of shallow cumulus convection
using the similarity framework proposed by Grant and Brown (1999). Budgets
of w3 have comparatively received little attention. To our knowledge, the only
full LES-derived budget published of a cloudy boundary-layer is a shallow
cumulus case from Cuijpers et al. (1996). The w’® budget is particularly inter-
esting because w3 provides information about the organization of the turbu-
lence and can vary significantly from one cloud regime to another. Also, some
boundary-layer parameterizations now include predictive equations for w'> and
w’3 (e.g. Lappen and Randall, 2001; Golaz et al., 2002), hence sparking fresh
interest in higher moment w budgets.

The organization of the paper is as follows. Section 2 briefly describes CO-
AMPS and the LES modifications that were made. Section 3 presents an
overview of the validation test cases and compares COAMPS-LES results with
other models. The vertical velocity higher moment budgets are introduced and
discussed in Section 4. Finally, we summarize our findings in Section 5.

2. Model Description

The LES model is based on COAMPS (Hodur, 1997). We only present a brief
overview of the base model and emphasize the LES related alterations. The
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prognostic variables consist of the Cartesian wind components (u;,
i =1,2,3), the perturbation Exner function (7'), the dry potential tempera-
ture (0), the water vapour and cloud water mixing ratios (¢y, ¢c.). The
dynamics is governed by the compressible form of the Navier—Stokes equa-
tions (Klemp and Wilhelmson, 1978). The prognostic equations are:
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Here, R4 is the dry air gas constant, R, is the water vapour gas constant and
€0 = Rq/Ry; cp is the specific heat at constant pressure and ¢y the specific heat
at constant volume; g is the acceleration due to gravity and f the Coriolis
para-meter. A height varying reference state is defined by py, 0y, 0,9, Ty such
that the state is in hydrostatic balance. ¢ is the speed of sound of the ref-
erence state; % is the total diabatic heating; 7; is the turbulent subgrid-scale
momentum flux and Hy ; the turbulent scalar flux where = {0, ¢y, ¢.}; So rad
represents the time rate of change of 0 due to radiative heating or cooling,
Sy.ce the time rate of change of y due to condensation and evaporation.
Equations (1)—(5) are discretized on an Arakawa C grid. Although a
number of projections options are available in COAMPS, only the Cartesian
projection is used for this work. The time stepping for the dynamical vari-
ables (1)—(2) is leapfrog, and for the thermodynamic variables (3)—(5), a
choice of leapfrog or forward-in-time is available. A small acoustic time step
is used to stably integrate the terms on the left-hand side of (1)—~(2). Fourth-
order horizontal numerical diffusion with coefficient v and a Robert filter are
applied to all leapfrog variables. Advection options include second-and
fourth-order centred schemes, as well as the positive definite Bott scheme
(Bott, 1989a, b) with second- and fourth-order polynomial interpolation for
the thermodynamic variables. Because the Bott advection scheme is written
in a conservative flux form, the advection terms in (3)—(5) are rewritten as:
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L AN
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where the divergence term on the right-hand side (RHS) is computed in a
manner consistent with the Bott advection. In all simulations presented here,
we integrate the dynamical equations (1)—(2) using leapfrog time stepping in
conjunction with second-order centred advection, and the thermodynamic
equations (3)—(5) using forward-in-time and Bott’s advection option using
second-order polynomial interpolation.

Following Lilly (1962), the subgrid-scale turbulent fluxes are written as:
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Dj; is the deformation tensor, K and Ky are the eddy viscosity and eddy
diffusion coefficients, which are computed using either one of the two
subgrid-scale schemes described below. The first one is a prognostic subgrid-
scale TKE scheme and the second one is a local equilibrium model.

2.1. SuBGRrID-scALE TKE MODEL

The history of subgrid-scale TKE models for large eddy simulations of the
cloudy atmospheric boundary-layer dates back to the work of Deardorff
(1980). The prognostic equation for the TKE, e, is given by:
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The terms on the RHS respectively represent advection, shear production,
buoyancy production, turbulence transport, and dissipation. The eddy vis-
cosity and diffusion coefficients are:

Ky = cm (fle]/za (10)

N\ -
Ky = <Ch1 + C/12A> fle'?, (11)

where A is the grid length scale and / the mixing length scale; /s a factor to be
derived later to account for the reduction in the mixing length near the
surface.

To be valid for both clear and cloudy air, the buoyancy production term in
(9) is expressed in terms of conserved variables:
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w0, = Aw"0) + Bw"q! = —Kpy <A % - B%) : (12)
where 0, is the liquid water potential temperature and ¢, = ¢y + ¢. the total
water mixing ratio. The functions 4 and B are taken from Cuijpers and
Duynkerke (1993) and have different expressions for unsaturated and satu-
rated air. The saturated values are used for interior cloud points and the
unsaturated values for cloud edges and clear air.

The turbulence transport term is modelled as

7
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and the dissipation as
/ 3/2
€= <651 +052K>% . (14)
The grid length scale, A, is a function only of the grid spacing
A = (AxAyAz)'? (15)

whereas the mixing length scale / is allowed to become smaller than the grid
length scale in stably stratified flows:

2
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N? is the moist Brunt-Viisili frequency consistent with the buoyancy
term (12):
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The values of the numerical coefficients follow Stevens et al. (1999):
¢m = 0.0856, ¢cp = ¢y cip = 0.1184, ¢ = 0.1911, ¢; = 0.6539.

2.2. SUBGRID-SCALE LOCAL EQUILIBRIUM MODEL

This category of subgrid-scale model is frequently referred to as Lilly—
Smagorinsky after Lilly (1962) and Smagorinsky (1963). As shown by Ste-
vens et al. (1999), it can be directly derived from Equations (9)—(11) assuming
that the TKE is in local equilibrium (i.e. neglecting storage, advection, tur-
bulence transport in Equation (9) and solving for ¢). Furthermore, assuming
that / = A, one obtains:
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with A defined as
A= cs fA. (20)

¢s is given by ¢ = (¢, /(ca + 062))1/4. The max function in Equation (18) has
only been introduced to ensure that K,; remains positive definite. The
deformation, S?, is
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The mixing length correction factor f is derived by requiring that 4 reduces to
k(z 4 z9) near the surface. This is accomplished using the same matching
function as Brown et al. (1994):
1 1 1

2 ed) et (23)

where x is the von Karman constant and zy the roughness length. Substi-
tuting (20) into (22) and solving for f gives:

G}

This last expression is used for the two subgrid-scale models, therefore
ensuring that they share equivalent near-surface mixing lengths.

3. Model Validation

The COAMPS-LES code was validated by performing a series of reference
simulations. They were all selected from the growing database of Global
Energy and Water Cycle Experiment Cloud System Study (GCSS) inter-
comparison studies. We chose four cases that span a range of different
boundary-layer cloud regimes. The first case is a nocturnal stratocumulus
case loosely based on 7 July 1987 from the First International Satellite Cloud
Climatology Project Regional Experiment (FIRE) data described in Moeng
et al. (1996). The second one is a low cloud cover, trade wind cumulus case
based on the Barbados Oceanographic and Meteorological Experiment
(BOMEX) from Siebesma et al. (2003). The third case is derived from
observations made at the Southern Great Plains (SGP) site of the
Atmospheric Radiation Measurement (ARM) Program on 21 June 1997
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(Brown et al., 2002) and focuses on the development of shallow cumulus
clouds over land. Finally, the fourth case consists of trade wind cumulus
clouds under a strong inversion with the development of a stratiform cloud at
the top of the cloud layer (Stevens et al., 2001). The large-scale conditions for
the latter case are derived from observations collected during the Atlantic
Trade Wind Experiment (ATEX).

COAMPS-LES has been set up for each case by following the intercom-
parison guidelines as closely as feasible. A summary of the model configuration
is given in Table I. Two simulations are performed for each case, one with the
TKE subgrid model and one with the Lilly-Smagorinsky model (hereafter
referred to as TKE and L—S experiments). As mentioned above, the dynamics
variables are integrated using a leapfrog time step and a centred second-order
advection. Both a fourth-order numerical diffusion with coefficient v = 0.001
and a Robert filter with coefficient 0.2 are applied to the leapfrog variables. The
thermodynamics variables use a forward time step and the Bott advection with
second-order polynomial interpolation. The specifications for the FIRE case
do not call for a specific longwave radiation scheme. For this case, we therefore
used the same simplified scheme as recommended for the ATEX case.

In the following subsections, we present selected results from the
COAMPS-LES and compare them with the published results of other
LES models.

3.1. FIRE NOCTURNAL STRATOCUMULUS CASE

Figure 1 shows the time evolution of domain averaged cloud-top height,
cloud cover, liquid water path (LWP), and vertically averaged TKE during
the first 2 h of the FIRE case. Cloud cover is defined as the fraction of model
column with liquid water anywhere in the column. The TKE and L-S
experiments exhibit only small differences. Compared to the other models,
COAMPS-LES is within the overall model variability.

Vertical profiles of selected quantities averaged over the second hour of the
simulation are plotted in Figure 2. Again, the differences between the TKE and

TABLE I
Summary of grid size, horizontal and vertical grid increment, time step and simulation length
for the four different experiments.

Experiment  Grid size Ax, Ay (m) Az (m) At (s) Length (hour)
FIRE 64 x 64 x48 50 25 1.5 2

BOMEX 4 x 64 x75 100 40 1.5 6

ARM 67 x 67 x 110 100 40 1.0 14.5

ATEX 64 x 64 x 150 100 20 1.0 8




494 J.-C. GOLAZ ET AL.

z,(m)

Cloud cover

LWP (g m?)

TKE (m*s?)

o 30 60 90 120 150
Time (min)

Figure 1. Time evolution from the FIRE case: (a) average cloud-top height, (b) cloud cover,
(c) liquid water path, and (d) TKE averaged over the PBL. Thick solid line is the Lilly-
Smagorinsky simulation and thick dashed line the TKE simulation. Thin light lines are results
from other LES models (Moeng et al., 1996, Figure 3).

L-S experiments are negligible and the COAMPS-LES results lie within the
range given by the other models. The predicted boundary-layer depth is 720 m
and the boundary layer is well mixed due to the cloud-top radiative cooling. The
maximum cloud liquid water predicted by the COAMPS-LES is just under
0.2gkg™!, which puts it almost in the middle of the range of the other LESs.
Profiles of the turbulent fluxes are fairly typical for a stratocumulus layer.

3.2. BOMEX TRADE WIND CUMULUS CASE

The time evolution of cloud cover, liquid water path, and vertically integrated
TKE for the BOMEX case is shown in Figure 3. The COAMPS-LES results
have not been time filtered and therefore show considerably more intermittency
than the mean of the other models. COAMPS-LES cloud cover is slightly
smaller than the mean, but the LWP and integrated TKE are comparable.
Profiles averaged over the last 3h are depicted in Figure 4. There are no
discernible differences between COAMPS-LES and the other models for the
potential temperature and water vapour mixing ratio. A slight difference can be
seen in the # and v winds in the subcloud layer. The liquid water mixing ratio
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Figure 2. Vertical profiles averaged over the second hour of the FIRE case: (a) virtual po-
tential temperature, (b) total water mixing ratio, (c) liquid water mixing ratio, (d) u and v
momentum fluxes, (¢) buoyancy flux, (f) total water flux, (g) total TKE, (h) resolved horizontal
velocity variance, (i) resolved vertical velocity variance. Lines follow same convention as the
previous figure (Moeng et al., 1996, Figures 5, 6, 7).

reveals small differences between the TKE and L-S experiments. The L-S
experiment has more cloud water compared to the TKE one, but both produce
a cloud field within the standard deviation of the other models.

Finally, Figure 5 shows some of the turbulent moments. The overall
agreement with other models is good, and only minor differences can be seen
between the TKE and L-S simulations. The TKE experiment tends to have
smaller turbulent moments in the cloud layer, consistent with its less vigorous
cloud field. The total water flux (Figure 5a) in the subcloud layer of the
COAMPS-LES experiments indicates a drying at odds with the predicted
moistening from the other models. However, it appears to be small enough to
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Figure 3. Time evolution from the BOMEX case: (a) cloud cover, (b) liquid water path, and
(c) vertically integrated TKE. Thick solid line is the Lilly-Smagorinsky simulation and thick
dashed line the TKE simulation. Thin solid line is average and shaded band is twice the
standard deviation of other LES models (Siebesma et al., 2003, Figure 2).

not translate into a noticeable difference in the mean water vapour profile
(Figure 4b).

3.3. ARM SHALLOW CUMULUS OVER LAND

One major difference between the ARM and the BOMEX cases is the presence
of the land surface, which results in a large diurnal cycle in the surface heat
fluxes. For intercomparison purposes, the presence of the land surface is
mimicked by imposing time varying surface fluxes that approximately corre-
spond to observations collected at the SGP ARM site (Brown et al., 2002). The
first clouds form approximately 4 h after the beginning of the simulation and
deepen throughout the day. Cloud cover reaches its peak value 3 h after the
formation of the first clouds. Figure 6 shows the time evolution of the total
cloud cover, the maximum cloud fraction, and the domain cloud-base and
cloud-top heights. The TKE and L-S experiments produce comparable evo-
lutions that agree well with the other models. Other aspects of the COAMPS-
LES results for this shallow cumulus case over land are also in good agreement.
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Figure 4. Vertical profiles averaged over the last 3h of the BOMEX case: (a) potential tem-
perature, (b) water vapour mixing ratio, (c¢) horizontal winds, and (d) liquid water mixing
ratio. Lines follow same convention as the previous figure. The thin dashed lines in panels (a),
(b) and (c) indicate the initial profiles. (Siebesma et al., 2003, Figure 3).

3.4. ATEX TRADE WIND CUMULI UNDER A STRONG INVERSION

Time evolution of selected variables during the 8 h of the ATEX experi-
ment is shown in Figure 7. COAMPS-LES surface latent and sensible heat
fluxes (Figure 7a, e) compare very well to the mean of the other models.
Cloud properties, such as cloud cover and domain-averaged LWP, reveal
that COAMPS-LES produces more clouds on average. The cloud cover
(Figure 7b) reaches 80% for the TKE and 70% for the L-S experiment,
compared to 50% for the average, reflecting an anvil with greater aerial
coverage. The LWP path is also larger, although it falls at most times
within one standard deviation of the other models (Figure 7d). The greater
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Figure 5. Vertical profiles averaged over the last 3h of the BOMEX case: (a) total water flux,
(b) liquid water potential temperature flux, (c) liquid water flux, (d) buoyancy flux, (e) u
momentum flux, and (f) vertical velocity variance. Lines follow same convention as the pre-
vious figure. The thin dashed line in (f) corresponds to the mixed-layer scaling (Siebesma et al.,
2003, Figures 4 and 95).
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Figure 6. Time evolution (smoothed over one hour) from the ARM case: (a) cloud cover,
(b) maximum cloud fraction at any one level, (c) cloud-base height, and (d) cloud-top height.
Thick lines are COAMPS-LES results for L-S and TKE experiments, light lines are results
from other LESs. In (a) and (c), the stars and crosses are lidar and ceilometer observations
(Brown et al., 2002, Figure 5).

anvil translates into larger cloud-top radiative cooling and in turn into
more vigorous turbulence mixing, especially for the last 3h (Figure 7c¢).
The overall entrainment velocity is in line with the other models (Fig-
ure 7f).

Vertical profiles are plotted in Figure 8. The relatively larger cloud-top
anvil can be seen from the liquid water mixing ratio profile (Figure 8a).
The average of the other models yields a liquid water mixing ratio of
0.06gkg™! at cloud top; L-S produces 0.1 and TKE 0.125gkg™!, this
latter value being just above the standard deviation of the other models.
However, despite these cloud anvil differences, the profiles of total water
mixing ratio (Figure 8a) and potential temperature (Figure 8b) are very
close to the other models. Horizonal winds are slightly off compared to
the average (Figures 8c, d). Turbulent fluxes (Figure 8e—h) are all within
the standard deviation of the other LESs.
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Figure 7. Time evolution (smoothed over 30 min) from the ATEX case: (a) surface latent heat
flux, (b) cloud cover, (c) vertically integrated TKE, (d) liquid water path, (e) surface sensible
heat flux, (f) mean vertical velocity of ¢, = 6.5 gkg™! contour, (g) maximum vertical velocity in
the domain, and (h) maximum liquid water path in a model column. Thick lines are CO-
AMPS-LES results for L-S and TKE experiments, thin solid line is average and shaded region
is twice the standard deviation of other LES models (Stevens et al., 2001, Figure 2).
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Figure 8. Vertical profiles averaged over the last 5h of the ATEX case: (a) total water and
liquid water mixing ratios, (b) potential temperature, (¢) u wind, (d) v wind, (e) total water flux,
(f) liquid water potential temperature flux, (g) ¥ momentum flux, and (h) v momentum flux.
Lines follow same convention as the previous figure (Stevens et al., 2001, Figure 3).

3.5. SUMMARY

We believe that the above mentioned results serve as a validation of the LES
extensions to COAMPS. The model numerical components were identically
configured for all experiments with no case specific switches used. Our results
are also quite insensitive to the choice of L-S or TKE subgrid model, which is
desirable (Mason, 1994). Overall, COAMPS-LES results are in very good
agreements with other models.

Using COAMPS-LES, we have also successfully participated in two recent
intercomparison studies: a stable boundary-layer case (Beare et al., 2005) and
a stratocumulus case based on the first research flight of the second
Dynamics and Chemistry of Marine Stratocumulus field study (Stevens et al.,
2003, DYCOMS-II). Description of LES results for this latter case is the
subject of a seperate publication (Stevens et al. 2005).

4. Higher Moment Vertical Velocity Budgets

Governing equations for the second and third moments of the vertical
velocity are traditionally derived from the w momentum equation using
the Reynolds rules of averaging in conjunction with incompressibility
and horizontal homogeneity assumptions (e.g. Stull, 1988; André et al.,
1976):
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Because of the incompressibility assumption, these equations are not strictly
valid for COAMPS-LES. However, they do provide useful guidance in
interpreting budget terms. Budgets for the higher moments from numerical
models are sometimes constructed by computing a number of terms
appearing in Equations (24)—(25) directly from the model fields, while
inferring the remaining ones using a residual approach. This approach does
not guarantee complete accuracy and consistency of the budget. Therefore,
we prefer to follow an alternate approach in which we first construct an exact
numerical budget (within machine precision) from the model numerical code,
and then relate the various contributions of that budget to terms appearing in
Equations (24)—(295).

Details on how we obtain exact numerical budgets are given in the
Appendix. These budgets provide contributions from the advection, buoy-
ancy, pressure and dissipation terms; the effect of the Robert time filter is
folded in the dissipation term. The w3 budget contains an additional residual
term arising from non-linear interactions between processes.

4.1. COMPARISONS OF w2, w3, Sk,,

First, we compare vertical profiles of domain-averaged resolved w2, w3 and

skewness Sk, = w53 /w2~ for FIRE, BOMEX and ATEX (Figure 9). ARM
case profiles are qualitatively similar to BOMEX and are therefore not
shown. All profiles are from the experiments using the L-S subgrid-scale
scheme, although our discussion would be equally applicable to the TKE
experiments. Broadly speaking, w? can be interpreted as a measure of the
intensity of the turbulence, whereas w’* provides additional information
about its organization. Small values of w3 occur when the distribution of w is
relatively symmetric between updraughts and downdraughts regardless of the
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Figure 9. Vertical profiles of resolved w2, w3 and skewness (Sk,,) averaged over their
respective analysis time period for the FIRE, BOMEX and ATEX experiments using the L-S
subgrid-scale scheme. The dashed line in panels g, h, and i are for the ATEX sensitivity
experiment in which cloud-top radiative cooling was turned off.
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strength of the turbulence. Large positive values of w3 indicate the domi-
nance of strong and narrow updraughts, and large negative values indicate
strong and narrow downdraughts. The skewness Sk, is essentially a nor-
malised measure of w'3.

The nature of the mixing is very different between FIRE and BOMEX.
Turbulent motions in the FIRE case are generated by cloud-top radiative
cooling. In BOMEX, they are generated by surface fluxes and conditional
instability that lead to the formation of shallow cumulus clouds. This
translates into markedly different w moments as shown in Figure 9. The
strength of the turbulence as measured by w'? is greater for FIRE than
BOMEX. The FIRE w2 profile shows a single maximum in the cloud. In
contrast, the profile from BOMEX exhibits one local maximum in the sub-
cloud layer related to the eddies generated from the surface fluxes, and a
second maximum in the cloud layer due to latent heat release.

Profiles of w3 and Sk,, show an almost unskewed turbulent field for FIRE.
The skewness has a nearly constant value of —0.5 in the lower portion of the
mixed layer and a small positive maximum near cloud top. The larger
maximum around 900 m is caused by small w2 values in the denominator of
Sk,, and has little physical relevance. The negative skewness in the mixed
layer indicates slightly stronger and narrower downdraughts, which is con-
sistent with cloud-top radiatively driven turbulence.

A different picture emerges for BOMEX; w’? and the skewness are positive
throughout the entire boundary layer. The skewness reaches a large maxi-
mum of nearly 5 in the upper portion of the cloud layer. The cloud layer
increase in skewness can be interpreted as updraughts becoming progres-
sively stronger and narrower with height in accordance with the cloud core
analysis of Siebesma et al. (2003, Figures 6 and 10).

Despite significant differences in cloud fields between BOMEX and
ATEX, Figure 9 reveals that the ATEX w moments resemble BOMEX much
more closely than FIRE, thus suggesting that the turbulence organization is
dominated by the shallow cumulus clouds. To verify this, we have performed
a sensitivity ATEX experiment in which the longwave cloud-top cooling was
removed. This experiment resulted in smaller values of cloud fraction and
liquid water near the inversion, but comparable amounts in the underlying
cumulus layer. The w moments from the sensitivity experiment are displayed
in Figures 9g-1 using a dashed line. Compared to the reference ATEX
simulation, w2 and w3 are almost identical in the subcloud layer, but become
much smaller in the cloud layer. Remarkably, the skewness profiles are al-
most identical between the two experiments. Therefore, even though the level
of turbulence activity is considerably affected by the presence or the absence
of cloud-top radiative cooling, the asymmetry between updraughts and
downdraughts is not. Because of the similarity between BOMEX and ATEX




ANALYSIS OF SECOND- AND THIRD- MOMENT VERTICAL VELOCITY BUDGETS 505

with respect to the w moments, we limit our presentation of higher moment
budgets to the FIRE and BOMEX experiments. o

It is also noteworthy to point out that, for both BOMEX and ATEX, w'
extends to higher levels than w3. The motions in the layer above cloud top
where w2 is positive but w3 is almost zero are likely dominated by wave
activity (Cuijpers et al., 1996).

4.2. w? BUDGETS

The w2 budget for FIRE is shown in Figure 10. Terms shown are advection,
buoyancy, pressure, dissipation, and storage (actual model change during the
analysis time period). The net term (difference between the sum of all the
terms and the storage) is essentially zero as can be seen from the vertically
integrated contribution of each budget term in Table II. Also shown with the
advection term is the resolved turbulent transport term as computed from the
model field (—Ow’3/9z). The buoyancy term is decomposed into contributions
from updraughts and downdraughts:

0 — 7 /’d
wo, =aw'0, + (1 —-awb, (26)

where a is the updraught area and ( ), ﬁd denote averages over the
updraught, respectively downdraught, portion of the flow. This simple
decomposition is exact and can be useful in interpreting the role of buoyancy.
For example, warm updraughts (w,, > 0, 6/, > 0) and cold downdraughts
(W) < 0, 0, < 0) can both contribute positively to the buoyancy. Wang
and Stevens (2000) performed a more sophisticated decomposition and
showed that a properly chosen conditional sampling could explain a large
portion of the fluxes but failed to explain the variances for both cumulus and
stratocumulus clouds.

The w2 budget is in many respects similar to budgets analysed by Moeng
(1986, Figure 19) for two stratus-topped boundary layers. The major terms
are buoyancy, pressure and advection. The buoyancy acts as a source of
turbulence throughout the boundary layer with the exception of the
entrainment zone. The buoyancy flux decomposition reveals that both up-
draught and downdraught contributions are positive throughout most of the
boundary layer. This can occur when the perturbation virtual potential
temperature is positive in updraughts (w, > 0, 9’V7u > 0) and negative in
downdraughts (w/, < 0, 0., < 0). Furthermore, updraughts and down-
draughts contribute nearly equally to the generation of turbulence, except in
the entrainment zone. In this region, the updraughts are negatively buoyant
and buoyancy becomes a sink of energy, whereas downdraughts do not
contribute significantly.
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FIRE: w'2 budget
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Figure 10. w2 budget terms for the FIRE experiment with L-S subgrid-scale scheme:
(a) advection term (line with crosses) and estimated transport term —dw'?/9z (dashed line),
(b) buoyancy term (line with stars), updraughts (long dashed line) and downdraughts (short
dashed line) contributions to the buoyancy, (c) pressure term, (d) dissipation term, (e) storage.
The net term (not shown) is negligible.

The pressure term (Figure 10c) is the largest sink of w2, and redistributes
energy from the vertical to the horizontal directions. It peaks just below
cloud top where updraughts are impeded in their ascent by the presence of
the inversion and as a result have their momentum diverted in the horizontal.
The advection term and the turbulent transport term —dw’3/dz computed
directly from the model fields show no visible differences (Figure 10a). This
term transports w2 from the cloud layer into both the entrainment zone and
the subcloud layer. The dissipation term is comparatively small in magnitude.
It acts to dissipate w2 and peaks in the cloud layer. Its influence on our
budget appears to be smaller than the dissipation term of Moeng (1986).
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However, its quantitative contribution, as shown by the vertically integrated
budget (Table II), is not negligible.

The corresponding w2 budget for BOMEX is depicted in Figure 11. It
compares favourably with similar budgets from other shallow cumulus
simulations discussed by Cuijpers et al. (1996, Figure 12) and de Roode
and Bretherton (2003, Figure 1). As for FIRE, buoyancy is the major
source of kinetic energy, except in a shallow region near cloud base where
subcloud driven updraughts decelerate before undergoing renewed accel-
eration due to latent heat release in the cloud. The updraught and
downdraught decomposition reveals that the buoyancy production is lar-
gely dominated by the updraughts from the surface up to 1600m (w;, > 0,
0:,,11 > 0). Between 1700m and the domain cloud top, updraughts become
negatively buoyant (w, > 0, 0, , < 0), and consume their kinetic energy
by overshooting into the inversion layer. The generation of turbulence in
this layer is dominated by the downdraughts (w} < 0, 0,4 < 0) forced by
evaporative cooling. In contrast to FIRE, the pressure and dissipation
terms have comparable magnitudes. Because of the absence of a very
strong inversion, there is less redistribution of energy from the vertical to
the horizontal motions by the pressure term. The advection term is also
relatively large. It mainly acts by transporting energy from the lower half
to the upper half of the subcloud layer, and again from the lower portion
to the upper portion of the cloud layer. L

Some interesting differences emerge from the FIRE and BOMEX w2
budgets. Although buoyancy is the source of turbulence in both cases, its
shape and vertical distribution are quite different. This is not surprising
given the fundamentally different nature of the turbulence. For the radi-

TABLEIl o
Vertically integrated contributions from the various w2 and w budget terms for the FIRE
and BOMEX experiments using the LS subgrid-scale scheme.

FIRE BOMEX

w2(x1073m3s73) w3 (x1073m*s™4) w2(x1073m3s73) w3(x107 3 m*s4)

Advection -1.33 4491 13.41 273.62
Buoyancy 415.15 -33.03 775.44 1649.92
Pressure -292.28 -42.18 -370.27 -989.01
Dissipation -120.22 34.56 -418.39 —947.68
Residual -1.36 —0.65
Storage -1.32 -2.90 -0.19 13.80

Net 0.00 0.00 0.00 0.00
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BOMEX: w2 budget
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Figure 11. Same as Figure 10 but for the BOMEX experiment with the L-S subgrid-scale
scheme.

atively driven cloud-top turbulence, both updraughts and downdraughts
contribute to the generation of buoyancy throughout the entire mixed
layer, except in the entrainment zone where updraughts dominate. In
contrast, for the shallow cumulus convection, the updraughts are almost
the exclusive source of buoyancy from the surface up to the level of
neutral buoyancy. Above that level, evaporative cooling generates down-
draughts, which act as primary source of buoyancy. The pressure term
dissipates w2 by redistributing kinetic energy from the vertical to the
horizontal in both cases. However, the magnitude of this redistribution is
much larger in the stratocumulus compared to the cumulus case due to
the presence of a strong inversion.
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Figure 12. w3 budget terms for the FIRE experiment with L-S subgrid-scale scheme:
(a) advection term (line with crosses), estimated transport term —dw’*/9z (short dashed line),
estimated turbulent production term 3w_/28W/ 0z (long dashed line) and their sum (solid line),
(b) buoyancy term (line with stars), updraughts (long dashed line) and downdraughts (short
dashed line) contributions to the buoyancy, (c) pressure term, (d) dissipation term, (e) residual
term arising from the non-linear interactions between budget terms, (f) storage. The net term
(not shown) is negligible.

4.3. w'3 BUDGETS

The FIRE w” budget is plotted in Figure 12. Terms shown are the advection,
buoyancy, pressure, dissipation, residual (non-linear interactions between
budget terms, last term on RHS of Equation (A12)) and storage. The net
term is negligible. The vertically integrated contributions from all the terms
are given in Table II. Shown along with the advection are two terms com-
puted directly from Equation (25): the turbulence advection (—dw'#/0z) and
turbulence production (3w20w'2/dz). The buoyancy is again decomposed
into updraught and downdraught contributions:
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— — —d
w20, = aw’20:,u + (1 —a)w?0, . (27)

In contrast to Equation (29), the sign of W’ZH’VL1 and w’ZH'Vd is essentially
governed by the sign of the temperature perturbations (Hi,iu, Hi,qd), but
the magnitude is influenced by the strength of the turbulence (w? and
w?).

The largest terms in the FIRE budget are advection, buoyancy and
pressure. The buoyancy, which consists of a positive contribution from the
updraughts and a negative one from the downdraughts, changes sign at
580m corresponding approximately to cloud base. The negatively buoyant
downdraughts (w7 > 0, 0,4 < 0) generated by cloud-top cooling domi-
nate the buoyancy below cloud base, whereas the latent heat release in the
updraughts is dominant inside the cloud layer (w? > 0, 0., > 0). The
pressure term acts to dissipate w’3 except in a shallow layer between cloud
base (580m) and 620m where w® and the pressure term have the same
sign.

The sum of the estimated contribution from the turbulent transport term
(—Ow™/9z) and the mean w? gradient production term (3w20w'?/dz) mat-
ches the advection term very well in the subcloud layer, but is slightly smaller
in the cloud layer (Figure 12 a). This could be due to the fact that these terms
do not correspond exactly to the transport and production terms ‘“‘seen” by
the model due to numerical finite difference approximations. Nevertheless,
the sum is close enough for the decomposition to be meaningful. It reveals
that turbulence transports w3 from the subcloud to the cloud layer and is
countered by the production term, which has the opposite sign. The dissi-
pation term in the budget has a smaller magnitude, although its vertically
integrated contribution is not negligible (Table II).

Figure 13 shows the w3 budget for BOMEX. Cuijpers et al. (1996, Figure
13) analysed a w3 budget from another simulation of shallow cumulus
clouds, which shows similar characteristics to ours. In contrast to FIRE, the
BOMEX w’? budget is dominated by production due to buoyancy. Between
the surface and 1700 m, the buoyancy term consists almost exclusively of
contributions from the updraughts, and above that level the situation is
reversed. Downdraughts generated by evaporative cooling in the inversion
layer account for most of the buoyancy term there. The partitioning between
updraughts and downdraughts contributions is quite similar to the w?
buoyancy term (Figure 11b). The advection term is dominated by the
turbulence transport term (—dw'*/dz), which transports (w'?) from the lower
portion to the upper portion of the cloud layer. The production term
3w20w'?/9z only plays a minor role in the subcloud layer. Pressure and
dissipation act to dissipate w3 and tend to be largest near the top of the cloud
layer.
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Figure 13. Same as Figure 12 but for the BOMEX experiment with the L-S subgrid-scale
scheme.

Comparisons of the w3 budgets for FIRE and BOMEX reveal interesting
differences. Buoyancy is dominant in BOMEX and plays a more modest role
in FIRE. In BOMEX buoyancy is itself dominated by contributions from
updraughts except in the inversion layer where the downdraughts generated
by evaporative cooling take over. However, in FIRE, both updraughts and
downdraughts have comparable contributions but of opposite signs
throughout the depth of the boundary-layer. This competition between a
positive contribution from updraughts and negative one from the
downdraughts explains in large part why w3 and Sk, are much smaller for
FIRE than BOMEX.
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5. Conclusion

COAMPS has been successfully extended to perform as a LES model by
implementing two new LES subgrid model options. They consist of a Lilly—
Smagorinsky local equilibrium and a TKE scheme. The extended model has
been validated using four intercomparison case studies of boundary-layer
cloud regimes for which extensive comparison with published results is
possible. Although idealised for the purpose of intercomparing models and
parameterizations, these cases are based on measurements collected during
fields experiments. They include nighttime stratocumulus (FIRE), trade wind
cumulus (BOMEX), shallow cumulus over land (ARM), and an intermediate
regime of cumulus rising into a broken stratocumulus deck (ATEX). The
COAMPS-LES results have been evaluated by comparing cloud properties
and a number of turbulence statistics with other LES models. The overall
agreement is good. Furthermore, only small differences between the two LES
subgrid options are observed. The most significant one is the cloud water
mixing ratio in the stratiform layer of the ATEX intermediate regime.

Exact numerical budgets of the second and third moments of the vertical
velocity have been obtained from COAMPS-LES. They reflect fundamental
differences in the turbulence dynamics. Extreme cases are on the one hand the
nighttime stratocumulus (FIRE) driven by cloud-top radiative cooling, and
on the other hand the trade wind cumulus layer of BOMEX driven by surface
fluxes and conditional instability of the atmosphere. The third moment of the
vertical velocity (w?) and the skewness (Sk,) are relatively small for the
stratocumulus and large for the cumulus layer. The vertical velocity distri-
bution is therefore relatively symmetric for FIRE, but positively skewed for
BOMEX with the presence of narrow and strong updraughts balanced by
broad and weak downdraughts.

This difference in vertical velocity distribution can be explained by the
derived (w3) budget, and in particular by the buoyancy production term in
this budget (w26,). In BOMEX, it is positive and dominated by the up-
draught contributions from the surface up to the level of neutral buoyancy.
Above that level, the buoyancy term becomes negative due to the contribu-
tion of the negatively buoyant downdraughts generated by evaporative
cooling. The situation is very different in the stratocumulus case. The mag-
nitude of the buoyancy term is much smaller than in the cumulus case. Both
updraughts and downdraughts contribute significantly to the buoyancy
throughout the boundary-layer. Their contributions have similar magnitude
but opposite signs. The contribution from the downdraughts is always
negative and dominates below cloud base. The updraught contribution,
which is always positive, dominates in the cloud layer. This leads to a partial
cancellation and results in an overall small buoyancy term, which in turn
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explains the relatively unskewed vertical velocity distribution in the strato-
cumulus compared to the cumulus case.
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Appendix
We describe how exact numerical budgets for second and third moments are

obtained from the LES model. We write the change in vertical velocity w over
a leapfrog time step as:

w3 — Wi
= , Al
2At ;f”‘k (A1)

where w; (w3) represent the vertical velocity at the beginning (end) of
the leapfrog time step, and f, the various processes that change w
over the course of the time step [Equation (1), i =3]. We rewrite (Al)
as

ws—wi =Y 2Alfy =Y Awe = Aw (A2)
k k

where we have defined Aw to be the total change consisting of the sum of the

process changes Aw;. We seek to express the change over one time step of the

second and third moments of w as a function of the process changes Awy.
The change in the model w variance over a time step is defined as:

2 —wi+ Wi

(A3)
Here, overbars (w) denote horizontal averages, and primes (w') are depar-

tures from the horizontal averages such that w = w + w'.
Using (A2), we rewrite (A3) in terms of w; and Aw:

AW = W =W = (ws = 705) = (i =) = w3
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AW? = 2w Aw — 2 Aw + Aw? — Aw. (A4)
Similarly we can rewrite (A3) in terms of w3 and Aw:

AW? = 2w3Aw — 2i3Aw — Aw? + Aw (A5)
Adding (4) and (5) gives:

Aw? = wiAw + w3Aw — Wi AW — W3Aw

= (w1 + w3)Aw — (W7 +W3)Aw. (A6)

Replacing Aw by the sum of the separate processes:

Aw? = (wi + ws) Z Awi — (W7 + W)Z Awy
k k

— Z{(W1 + w3)Awi — (W7 + W_3)A—Wk}- (A7)
k

This last expression gives the contribution of each individual process k to the
total change of the variance over a time step. o

We proceed similarly to obtain the numerical budget for w’3. The change
in the model third moment of w over a time step is defined as:

Aw'3 = w’33 — W'l3

= (w3 —w3)* = (w —w)°
= w} — 3wiims + 23" — w} + 3wl — 2wy (A8)
We now use (A2) to rewrite (AS8) in terms of w; and Aw:
AW? = 3w Aw + 3w Aw? + Aw?
- 3W_%A_w — 6w Aww; — 6w Aw Aw

— 3TANE — 3AW2 Aw + 612 AW + 6 AW + 2Aw-.

Similarly, we rewrite (A8) in terms of w3 and Aw:

Aw = 3wWiAW — 3w3Aw? + Aw?
— 3wIAw — 6w3AwTs + 6w3Aw Aw
+ 33 AW2 — 3Aw2 Aw + 6752AW — 65 AW + 2Aw . (A10)
Adding (A9) and (A10) and simplifying yields:
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28w = 3(w + w3)Aw = 3 (] + w3 ) Aw + 6 (72 + W3) Aw

— 6w Awwy — 6wz Awws — (Aw - A_W)3. (A11)

The first five terms on the RHS of (All) are linear in Aw, therefore the
contribution of each process k to the change in the w third moment can be
readily obtained. Decomposing them gives:

A=) {%W—%(w_%nL@)A—whu 3( + 772 Ay
k

— 3w Awwy — 3wz Awi } — %(Aw — A_w)3 . (A12)

The last term on the RHS of (A12) gives the change in the third moment due
to the non-linear interaction between processes. We define it as the residual.
Note that there is no residual term in the second moment w budget (A7).

For the purpose of numerical budgets, we define four categories of pro-
cesses Awy.. The first four categories arise directly from terms in Equation
[(1), i = 3]. The advection from the first term on the RHS, the buoyancy from
the second term on the RHS, the pressure from the second term on the LHS,
and the dissipation from the fourth and fifth terms on the RHS. At the end of
the model time step, once Awy, wi, ws are all known, we compute the second-
and third-moment budgets using (A7) and (A12). The effect of the Robert
time filter is computed as the change in w2, w3 before and after the time filter
is applied and is added to the dissipation term.
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